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ABSTRACT 
ASSESSING POST TREATMENT AERATION VARIABLES TO 
REDUCE TRIHALOMETHANES FOR SMALL SYSTEMS 
Ethan Brooke 
University of New Hampshire, December, 2009 
Small Public Water Systems face unique challenges in meeting Stage I & II disinfection 
byproduct rules. Diffused and spray aeration offer significant advantages in installation and 
O&M costs for small communities that need to lower THMs in finished drinking water. In this 
study, bench and pilot aeration assessments were undertaken in order to evaluate the importance 
and interaction of aeration variables associated with Trihalomethane (THM) and specifically 
chloroform removal. Bench scale experiments to determine the effect of air stripping on free 
chlorine levels and water pH were also conducted. 
XI 
CHAPTER 1 
HISTORY AND RESEARCH GOALS 
1.1 Definition of Disinfection Byproducts 
Disinfection byproducts (DBP's) are chemical compounds unintentionally formed 
by disinfection or oxidation processes in drinking water treatment. There are hundreds of 
different disinfection byproducts, and they have many types of chemical structures and 
constituents. The four disinfectants that are most associated with the formation of DBP's 
are chlorine, chloramine, chlorine dioxide and ozone (AWWA 2005). At least one of 
these disinfectants is used in virtually every type of drinking water treatment, so DBPs 
are a potential concern in all drinking water supplies. 
1.1.1 Importance of Disinfectants 
Disinfectants play an important role in drinking water treatment by destroying 
microorganisms that are present in finished water. Microorganisms can grow in the 
distribution network of a water supply system, so the presence of disinfectants is 
necessary prohibit or reduce biological regrowth. Disinfectants do their job by rupturing 
cell walls, or oxidizing cell lipomembranes, thus killing microorganisms by cell lysis. 
Disinfectants are by design reactive, and it is the same reactivity that enables them to 
effectively control microorganisms that creates DBPs. Natural organic matter (NOM), 
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which is present at some level in all water, has many similar chemical structures to those 
of microorganisms, and when the disinfectants react with NOM, DBPs are formed. 
NOM has a significant range of chemical composition, thus when disinfectants react with 
it a range of DBPs are produced. The EPA currently regulates two families of DBPs, 
trihalomethanes and haloacetic acids. It should be noted that there are ongoing studies by 
the EPA into several other DBPs and maximum contaminant levels (MCLs) for 
additional DBP's may be put in place in the future. 
1.1.2 History of DBPs 
The first detailed study on the presence of DBP's in finished drinking water, a 
paper titled "The Occurrence of Organohalides in Chlorinated Drinking Water" by Bellar, 
Litchberg and Kroner of the USEPA, was published in 1974 (Bellar, 1974) and linked the 
presence of organohalides to the chlorination process. A large scale follow up study of 
80 water utilities, the "National Organics Reconnaissance Survey" was conducted by the 
USEPA the following year (Symons, 1975). This study concluded that all drinking water 
utilities that used chlorine as a disinfectant had varying amounts of up to four THM 
species (chloroform, bromoform, bromodichloromethane, chlorodibromomethane) 
present in their finished water, and that these THMs were formed during treatment. 
Further follow up studies performed by the EPA during 1975 and 1976 confirmed the 
results of the initial study. THMs had not been found in drinking water previous to the 
initial study in 1974 because analytical techniques employed to detect organic 
compounds failed to distinguish them. Once identified, research into the potential 
toxicity of THMs was undertaken in order to assess the risk to human health. 
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1.1.3 Health Effects of Oral Ingestion of DBPs 
Of the four THM species, chloroform is the one most commonly formed by 
disinfection (Symons, 1975). Multiple studies by the USEPA and others on oral doses of 
chloroform to dogs and rats, and additional long term studies in human populations 
concluded that chloroform poses a potential risk to human health. Under the "1986 U.S. 
EPA Guidelines for Carcinogen Risk Assessment", chloroform has been classified as a 
"group B2, probable human carcinogen, based on sufficient evidence of carcinogenicity 
in animals". (USEPA 2001). Possible links to bladder cancer, kidney cancer and liver 
cancer were documented in multiple studies (USEPA 2001). 
1.2 Stage 1 and 2 DBP Rules 
The Stage 1 and 2 DBP Rules work to control DBPs in three general ways. First 
and most obviously they regulate the amount of total trihalomethanes (TTHMs), the 
amount of total haloacetic acids (HAA5s), and the amount of free chlorine that can be 
present in finished drinking water by setting maximum contaminant levels (MCLs) for 
each of these contaminants. The MCLs established in the Stage 1 DBP Rule remain the 
same in the Stage 2 Rule, and are summarized in the Table 1.1 (USEPA 1998, USEPA 
2006). 
Table 1.1 Maximum Contaminant Levels for Disinfection Byproducts under Stage 1 
and 2 Disinfection Byproduct Rules 
Regulated Contaminents 
Total Trihalomethanes (TTHM) 
Five Haloacetic Acids (HAA5) 
Bromate (Plants That Use Ozone) 










* Maximum Residual Disinfectant Level 
MRDL* (mg/L) 
4.0 as Cl2 
4.0 as Cl2 
0.8 
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1.2.1 Total Organic Carbon Removal 
The second way that DBPs are controlled by the DBP Rules is by a required 
percentage removal of total organic carbon (TOC). This rule is specifically for subpart H 
systems (plants that use surface water, or plants that use ground water that is under the 
direct influence of surface water) which practice conventional treatment (coagulation) or 
softening. (USEPA 1999) This part of the DBP removal strategy is addressed 
specifically in the Stage 1 Rule. 
TOC is a quantifiable characterization of NOM. By removing NOM there is less 
potential for DBPs to form (Liang, 2003). This is important because there are many 
unstudied disinfection byproducts which have health risks that are unknown. By 
requiring a reduction in TOC, DBPs are reduced across the board. The required 
percentage of TOC removal is based on the alkalinity of the water (because waters with 
high alkalinities are particularly difficult to treat) and the amount of TOC in the source 
water. In order to accomplish TOC reduction, the EPA requires the use of enhanced 
coagulation which is a process of optimizing the coagulant dose and pH of the untreated 
water to maximize TOC removal. Table 1.2 shows required TOC removal rates. 




>2.0 to 4.0 
>4.0 to 8.0 
>8.0 














1.2.2 Monitoring Requirements 
Finally, The DBP Stage 1 and 2 Rules control the monitoring requirements for 
DBPs, including monitoring locations, frequency of monitoring, and reporting of 
monitoring data. Requirements for each of these components differ depending on the 
number of people being served by the drinking water treatment facility in question, and 
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1.3 Research Goals 
The impetus for this thesis comes from a need to help small public water systems 
meet the new guidelines for DBPs. Small public water systems are particularly 
vulnerable to violations under the new rules because they frequently buy water from 
neighboring towns in an arrangement known as a consecutive system. In a consecutive 
system water often spends a longer than average amount of time in the distribution 
network. During this increased contact time free chlorine continues to react with NOM 
and higher levels of DBPs are produced. Towns that purchase water instead of treating it 
themselves do not have direct control of treatment facilities and therefore cannot optimize 
treatment for their particular situation. Additionally, small systems often face the 
challenge of tight budgets due to a small tax base which prevents the possibility of large 
system upgrades such as packed tower aeration. The goal of this research is to identify 
the most effetive means for small drinking water systems to meet the THM MCLs 
established by the Stage 1 and 2 DBP Rules. It should be noted that although this 
research focuses primarily on small systems, the technology evaluated for DBP stripping 
has significant potential to scale up to larger systems (Bishop, 1985) 
Because modification of existing infrastructure is the most cost effective way to 
address DBP violations, aeration inside existing water tanks appears to be the most cost 
effective technique to remove DBPs (Sherant, 2007). The two forms of aeration most 
suitable for this application are diffused and spray aeration (see sections 2.2 and 2.3). In 
order to determine the importance and interaction of variables known to affect air 
stripping of THMs, a bench scale diffused aeration assessment using a factorial design 
and statistical analysis of variance (ANOVA) has been performed. Based on the results 
of the bench scale assessment, pilot scale ANOVA spray aeration optimization trials have 
been completed. 
Maintaining a free chlorine residual greater than 0.2 mg/L in all finished water is 
required by the EPA. Therefore assessing the influence of aeration on free chlorine 
residual is a critical component of this research. Also, aeration affects the pH of water 
due to changes in dissolved carbon dioxide levels. Bench scale diffused aeration tests 
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monitoring chlorine residual and pH have been performed at high air-to-water ratios in 
order to assess potential changes in pH and free chlorine levels during aeration. 
THM stripping by spray aeration is a relatively unexplored treatment option. By 
examining and quantifying the role of all significant variables including mass transfer 
coefficients, droplet travel times and interfacial surface areas, a model has been proposed 
to predict potential THM reductions under various operating and design conditions. 
Based on this model, design and installation of spray aeration systems to reduce 




2.1 Air Stripping 
Air stripping, also known as aeration, is the process of removing a volatile 
contaminant from an aqueous solution by mixing water and air in a controlled fashion. 
There are many ways to air strip including diffused aeration, packed tower air stripping, 
mechanical surface aeration and spray aeration, but in each form the basic principal is the 
same; by mixing contaminated water and air in a particular way, volatile contaminants 
are removed or "stripped" from an aqueous to a gas phase, and are thereby removed from 
the water. The phase change of a contaminant from liquid to gas is known as mass 
transfer. In this chapter we will explore the kinetic theory of mass transfer by discussing 
the principals of equilibrium, henrys law, and two film theory. 
2.1.1 Equilibrium 
A volatile contaminate C is contained in a closed vessel which is held at a fixed 
temperature (fig. 2.1). The vessel contains air and water. Initially the contaminant is 
completely dissolved in the water creating a concentration gradient or a difference in 
concentration between one part of the system and another part of the system, in this case 
aqueous and gas concentrations. Whenever there is a concentration gradient present, 
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there is a tendency for molecules to move from the area of higher concentration to the 
area of lower concentration. Over time, the concentration of the contaminant in gas 
phase CJ;G and liquid phase QJL will come to equilibrium. 
This tendency to move toward equilibrium is the driving force for air stripping 
because it creates a mass flux, defined by Fick's law (eq. 2.1). It should be noted that 
molecular diffusivity can be influenced by numerous factors such as particle size, 
temperature, and other factors. Once the System has reached its equilibrium state, the 
ratio of the amount of constituent a in gas form to the amount of constituent a in liquid 
form is known as the Henrys constant. 
Ficks First Law [2.1] 
"ab dz 
= Mass flux of component A in direction of 
concentration gradient, rng/m2 S 
ab j 
solvent b, m/s 
Ca = Concentration of component a, mg/L 
z = Distance in direction of mass transfer, m 
2.1.2 Henry's Constant: Units and Conversion 
Henrys Law Constants (HLC) are expressed in a variety of units including several 
dimensionless forms. In each case, the HLC is expressing the ratio of concentrations of a 
constituent of interest between liquid and gas phases of a system at equilibrium. Because 
temperature effects the concentrations in each phase at equilibrium, the temperature for a 
given HLC should be assumed to be 20 degrees Celsius unless otherwise stated. 
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For air stripping, the most common form of the Henry's constant is a molar gas to 



















Law, ™ * 
= (Bimensionless) 
[2.2] 
QjG= compound concentration on a volume basis in gas form 
Qx= compound concentration on a volume basis in liquid form 
This dimensionless form of henrys constant is highly useful for mass balances 
because of its units of weight (or moles) and volume (Staudinger, 1996). Because Hcc 
expresses the ratio of how much of a constituent of interest is in gas or liquid phase at 
equilibrium, it is a useful measure of the volatility of a substance in aqueous solution, and 
therefore also an indicator of stripping potential. Substances with a higher Hcc have a 
greater percentage of molecules in gas phase at equilibrium than substances with a lower 
Hcc. This is illustrated in Figure 2.2. The four species of trihalomethanes are chloroform 
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(CF), dibromochloromethane (DBCM), chlorodibromomethane (CDBM) and bromoform 
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Figure 2.2 Henrys Constant Hcc With Respect to Percent of Constituent in Aqueous 
Phase 
Henrys Constant Hcc of THMS With Respect to 










83 85 87 89 91 93 95 97 99 
Percent of Constituent in Aqueous Phase 
Figure 2.3 Henrys Constant Hcc of THMS at 20° C With Respect to Percent of 
Constituent in Aqueous Phase. 
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Another Dimensionless form of HLC Hyxis based solely on molar fractions is shown in 
Equation 2.3. A fourth form of HLC which is often used to report experimental results is 
Hpx which has units of atm m3 / mol is shown is Equation 2.4. To convert between the 
various forms of HLC, Equations 2.5 and 2.6 can be used. There are additional forms of 
HLC which will not be used in this paper. Information on other forms of HLC can be 















Xj= mol fraction of compound i in aqueaous solution 
v = mol fraction of compound i in air phase 
mole j_G 
H -
1 A p x — 




Pt = total (atmospheric) presure (ATM) 
Xj= mol fraction of compound i in aqueaous solution 
Yi = mol fraction of compound i in air phase 
Conversion Between Henrys Constants (General Form) 
r i r r — rx 
MWL 











MWL = molecular weight liquid (g/mol) 
y y ^ = molecular weight gas (g/mol) 
R
 = universal gas constant (82.06 x 10 " atm m V mol K) 
j = Temperature (K) 
PL = density of liquid (g/m3) 





Conversion Between Henrys Constants (At Ambient Conditions) 
12,186^ 
H = H , 





• | = * i p c T 
Total pressure is 1 ATM 
The molecular weight of water is 0.018kg/mol 
The density of water is 1000 kg/ M 
The density of air is calculated by the ideal gas law 
(Where the universal gas constant is 82,06 x 10 "6 
atm m3/ mol K and the molecular weight of air is 
0.029kg/mol) 
2.1.3 Factors Affecting Henrys Constant 
The Henrys constant for a constituent of interest can be influenced by a number of 
factors such as temperature, PH, compound hydration, compound concentration, 
complexity of mixture, co-solvent effects, co-solute effects, presence of dissolved salts 
(ionic strength), presence of suspended solids, presence of dissolved organic matter 
(DOM), presence of surfactants, and complex interactions of all the above variables 
(Staudinger 1996) (Bowden, 1998). Because VOCs have individual molecular structures 
and are constituted of different elements, the potential for interactions must be evaluated 
on a species by species basis; The HLC of some VOCs are influenced by PH others are 
not, some are influenced by the presence of dissolved salts, some are not, etc. 
Because temperature affects the Brownian motion of all molecules, the HLC of all 
constituents of interest are affected by temperature, therefore a temperature correction 
factor (B) must be applied to all HLCs for systems with temperatures other than 20 C. 
(Munz 1987) Temperature correction factors can be determined by estimation using 
several techniques. The simplest estimation technique defines the HLC as a ratio of the 
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vapor pressure to aqueous solubility (Nicholson 1987). Because accurately measuring 
vapor pressure is difficult, this technique has fallen out of favor. Other techniques for 
estimating HLCs and temperature correction factors include the universal functional-
group activity coefficient (UNIFAC) model (Arbuckle, 1983) and the quantitative 
structure-activity relationship (QSAR) model. Although both models have significantly 
improved HLC estimation and temperature correction factors, each have predictive 
accuracy of less than 88% (Staudinger, 1996) (Dvorak, 2000). Therefore, empirical 
techniques to determine HLCs and temperature correction factors are still desirable. 
A Critical Review of Henry's Law Constants for Environmental Applications by 
Jeff Staudinger and Paul V. Roberts offers a satisfactory empirical source for HLCs and 
temperature correction factors for THMs. The authors reviewed published data on 
multiple VOCs and summarized the results in best fit relations, including relative 
standard deviations. Henrys constants, temperature correction factors, and relative 
standard deviations of each for the four species of trihalomefhanes are summarized in 
Table 2.2 The temperature correction factor is used in Equation 2.7 to derive HccT ,the 
HLC at temperature T. The effects of Temperature on Hcc are shown in Figure 2.3 
Table 2.2 Hcc, Temperature Correction Factors, and Relative Standard Deviations 
of THMs 






































Hcc,T = (Bcc,20°c) 
Ufl [2.7] 
T = Temperature 
HccJ= Henrys Cons-
eco0 c= Henrys Cons 
B = Temperature 
at Temperature (T) 
at20°C 
ection Factor 
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Figure 2.4 Henrys Constant for of Four Trihalomethane Species With Respect to 
Temperature 
2.1.4 Mass Transfer and Phase Partitioning: Two Film Theory 
As discussed in the previous Section, modeling the phase change and resultant 
mass transfer of a constituent of interest is difficult and current models are somewhat 
inaccurate. Two film theory, which divides resistance to mass transfer into a liquid and 
gas phase resistance (Figure 2.6) is also somewhat imprecise, but is sufficient to serve as 
a basis for air stripping design. By dividing resistance to mass transfer into a gas phase 
15 
resistance and a liquid phase resistance, it is possible to engineer stripping systems that 






Figure 2.5 Two Film Equilibrium Diagram for a Closed Vessel 
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Bulk air phase Air film Water film Bulk water phase 
Increasing \ r 
Concentration b 
yf>ys>cb>y>cs>Q Air - water Interface 
Cb = Concentration in Aqueous Phase Below the surface 
C
 s = Concentration in Aquious Phase at the Surface 
y = Concentration in Air at the Surface 
s 
y = Concentration in Air Above the Surface 
•'b 
Figure 2.6 Two Film Theory Diagram 
Figure 2.6 shows the air to water interface of a system that is moving towards 
equilibrium. The constituent of interest's concentration is higher in the water phase than 
the air phase, so there is a concentration gradient present which is driving the 
contaminant out of the water and into the air. The area between the dashed lines 
represents a thin layer, on the order of several nanometers on the water side and several 
thousand nanometers on the gas side where molecules are in transition from one phase to 
the other (Crittenden, 2005 Ch. 7). Because of Brownian motion, a local equilibrium 
exists between the dashed lines at the air to water interface. The constituent of interest is 
able to volatilize into the air or dissolve into solution very rapidly in this area because 
there is more molecular motion in this thin layer on either side of the air to water 
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interface then there is away from it. Therefore at the air to water interface, a local 
equilibrium exists according to Equation 2.8 (Chern, 2003). 
y = ELY C , P.8] 
Additionally, an equation for the mass flux (Equation 2.9) can be determined by a mass 
balance approach where the flux through the liquid phase is set equal to the flux through 
the air phase, and Ki and Kg are local mass transfer coefficients for the liquid and gas 
phases respectively. 
,A = kL(Cb-C8) = kg(yg-yb) 
kL= Liquid-phase mass transfer coefficent for rate at 
wich containment A is transfered from bulk 
aquious phase to air-water interface, m/s 
ko = G as-phase mass transfer coefficent for rate at 
wich containment A is transfered from air- water 
interface to bulk gas phase, m/s 
N = Flux of A across air-water interface, mg / m S 
Cb= Concentration of A in aqueous phase below the 
surface mg/L 
Cs = Concentration of A in aquious phase at the 
surface mg/L 
y = Concentration of A in air at the surface mg/L 
y = Concentration of A in air above the surface mg/L 
Unfortunately direct measurement of this interfacial layer is difficult and 
impractical because it is so small, therefore Cs and Ys cannot be measured. In order to 
define a mass flux equation, it is necessary to assume that the resistance to mass transfer 
is either all on the liquid side or all on the gas side (Equation 2.10) (A WW A, 1999). 
[2.9] 
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is on the liquid side cc 
Assume all resistance to mass transfer ^ _ J_ 
is on the gas side ^s H„ 'b 
Cb — Concentration of A in aqueous phase below 
the surface, mg/L 
y — Concentration of A in air above the surface, 
b 
mg/L 
C * = Liquid phase concentration of A that is in 
equlibrium with bulk air concentration, mg/L 
ys* = Gas phase concentration of A that is in 
equlibrium with bulk water concentration, 
mg/L 
Once this assumption has been made it is possible to develop an equation for an overall 
mass flux, and an overall mass transfer coefficient according to Equation 2.11. 
N,= kL(Cb- Cs) = kg (yg- yb) = KL(Cb- C *) [2 
KL= Overall mass transfer coefficent, m/s 
N = Flux of A across air-water interface, mg/m S 
kL= Liquid-phase mass transfer coefficent for rate at 
wich contaminent A is transfered from bulk 
aquious phase to air-water interface, m/s 
kg = Gas-phase mass transfer coefficent for rate at 
wich contaminent A is transfered from air- water 
interface to bulk gas phase, m/s 
By rearranging Equation 2.11 and combining it with Equation 2.10, we can then 
derive an equation that is more convenient to use (2.12) 
NA=kL(Cb-y,/H) [2 
K = Overall mass transfer coefficent, m/s 
3 
N = Flux of A across air-water interface, mg / m S 
Cb= Concentration of A in aqueous phase below the 
surface mg/L 
y = Concentration of A in air above the surface mg/L 
b 
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Equation 2.12 is convenient because Cb and yb can both be measured directly, and 
KL can be determined from the local mass transfer coefficients ki and kg. The local mass 
transfer coefficients can in turn be determined from correlations (A WW A, 1999). 
2.1.5 Phase Control of Mass Transfer 
Two film theory has one particular advantage from a design prospective; by 
determining which phase is more resistant to mass transfer a general strategy for aeration 
is immediately apparent. If resistance to mass transfer is on the liquid side (see eq 2.10) 
then Yb = H Cs This means that the air can come quickly into equilibrium, reaching 
"saturation" easily. Therefore for liquid controlled constituents of interest, extending 
bubble contact time or mixing will have no effect on increased removals (Roberts 1985), 
and designs focusing on bringing larger volumes of air in contact with contaminated 
water for shorter periods should be used. Inversely if mass transfer is controlled by the 
gas phase, then a strategy emphasizing air to water contact time should be employed. 
A convenient way to determine the percentage of control of the liquid phase of 
mass transfer is noted in Equation 2.13. 
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i(%)=_l°° [2-13] 
RT i + _ 1 _ 
(kg /k, )HCC 
k| = liquid-phase mass transfer coefficent for rate at 
which contarninent A is transferee! from bulk 
aquious phase to air-water interface, m/s 
ko= gas-phase mass transfer coefficent for rate at 
which contarninent A is transfered from air- water 
interface to bulk gas phase, m/s 
RL= liquid-phase resistance to mass transfer, equal to 
1/kj, s /m 
RT= overall resistance to mass transfer, equal to 1/Kj , 
s /m 
2.1.6 Interfacial Area 
The area available for mass transfer to occur across is a controlling factor in all 
stripping processes (Chrostowski 1982). This surface area is known as the interfacial area 
(a), and usually has units of square meters per cubic meter, or m"1. In diffused aeration, 
the interfacial area is the surface area of the bubbles that are moving up through the water 
column. In spray aeration the interfacial area is the surface area of the water droplets that 
are falling through the air. As such measuring the exact interfacial area can be 
challenging. Manufacturers of air diffusers and spray nozzles often provide information 
useful in determining interfacial area. Experimentally measured interfacial areas for 
diffused aeration are often created by use of still photography to capture a precise picture 
of the bubble size, and then extrapolating the number and average size of bubbles per 
square meter (Ashley et al, 1991). Interfacial Area for Spray aeration is related to the 
average diameter of the water droplets, known as the Sauter Mean Diameter (SMD) and 
can also be calculated from still photos. 
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2.1.7 Determining Kla From Experimental Data. 
The Combination of the overall mass transfer coefficient (KL) and the interfacial 
area (a) for a given stripping system is suitably known as K^a, and is convenient because 





-In -~-e = K, at 
Co 
Ce = Concentration of Effluent (mg/L) 
C0= Initial Concentrataion (mg/L) 
a = Specific Interfacial Area (m3/ m2) 
KL= Overall Mass vCoefficent (rn/s) 
t = Time (s) 
2.2 Diffused Aeration 
Diffused Aeration is the process of introducing air into the bottom of a vessel of 
water and allowing the air to bubble up through the water column creating air to water 
contact. A diffused aeration device consists of an air compressor to provide the required 
air pressure, a matrix of pipes to distribute the air, and a set of diffusion devices to break 
up the air into bubbles. Water depth for diffused aeration is typically 9 to 15 feet (water 
AWWA 1999). As the Bubbles rise, air to water contact occurs along the surface of each 
bubble. The size and number of bubbles determines the amount of interfacial surface 
area present for mass transfer to occur across. Contact time is determined by the rate at 
which the bubbles rise. 
In modeling of diffused aeration several assumptions are made. It is assumed that 
the tank is completely mixed, that the bubbles flow in a plug flow, that temperature and 
pressure are constant and that the initial concentration of the gas is zero (AWWA 1999). 
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Once these assumptions are in place it is possible to use a mass balance approach to 
create a model for diffused aeration. 
Mass Balance Approach to Diffused Aeration ^ i c-r 
VQC e-v(y0- ye) = G 
Q = Water flow rate 
Q = Initial concentration in liquid 
Q = Effluent concentration in liquid 
v = Volumetric air flow rate 
y0 = Influent gas concnetration 
ye = E ffluent gas concentration 
2.2.1 Air to Water Ratio 
From Equation 2.15 it follows that if the influent gas concentration is equal to 
zero, the air effluent concentration is in equilibrium with the liquid in the vessel, and the 
desired liquid effluent concentration is known, then the mass balance can be solved for a 





C0 = Initial concentration 
Ce = Effluent concentration 
H = Henrys constant 
V = Air flow rate 
Q = Water flow rate 
The air to water ratio expresses the flow rate of air dividend by the flow rate of water 
through the tank. In a Batch mode the air to water ratio increases with time as can be 
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Figure 2.7 Time vs. Air to Water Ratio for Six Air Flows in 3 Liters of Water 
Another useful design equation for batch mode diffused aeration was proposed by 
Stephanie Sherant in her thesis work on THM removal by diffused aeration at Perm State 
Harrisburg. Equation 2.17 was also developed using a mass balance approach. It should 
be noted that the Vw term in Equation 2.17 is a fixed volume and not a flow rate. 
Ce 
[2 
t + lnC r 
CL = Initial concentration 
H = Henrys constant 
W W 
V = Air flow rate 
Vw = Water volume 
t = Time 
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CHAPTER 3 
METHODS AND MATERIALS 
3.1 Overall Approach 
The primary goal of this research is to assess the interactions of key variables 
associated with removal of THMs via diffused and spray aeration. With this in mind, all 
experiments have been designed orthogonally in order to statistically evaluate the 
importance and interactions of variables of interest on removals of THMs during diffused 
and spray aeration. 
This thesis was conducted in three phases; a diffused aeration bench scale study, 
a preliminary spray aeration nozzle assessment, and a spray aeration pilot scale 
optimization study. The results of each phase of experimentation contributed to the 
experimental direction of the next phase. This approach allowed for an evolution of 
thought based on experimental results, ongoing literature review, and feedback from 
engineers involved in full scale THM aeration projects 
3.2 Bench Scale Diffused Aeration Variables and Experimental Design 
Bench scale experimentation focused on identifying key variables that affect air 
stripping. Based on published literature, the following 6 variables were chosen; water 
temperature, air temperature, air flow rate, contact time, concentration and number of 
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diffusers. Further information on literature that contributed to the selection of these 
variables can be found in Section C of the Appendix. Each variable was evaluated at 
two levels, as can be seen in Table 3.1. A fractional factorial experimental design was 
then used to quantify the influence of each variable and 2 way variable interaction. Level 
5 experimental resolution has been achieved with this design. 




Air Flow Rate 
Contact Time 
Concentration 
Number of Diffusers 
Level 1 
1 °C 












The variables given in Table 3.1 were arranged orthogonally using a Taguchi L32 
linear graph. A graphical method of ordering variables as outlined in Figure 3.1 creates 
an array in which all variable interactions can be quantified statistically. Based on the 
Taguchi linear graph, an L32 array Table was created as can be seen in Section A of the 
Appendix. This Table shows all interactions and associated variable levels. The L32 
array Table was then simplified into an experimental design Table (Table 3.2) which 
shows the variable levels associated with each experimental trial. 
Experimental results were normalized from a concentration to a percentage 
removed by dividing the effluent concentration by the influent concentration, and 
subtracting the result from 100. This approach allows for comparison of achieved 
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3.2.1 Bench Scale Diffused Aeration Apparatus 
All bench scale tests were done using an in house fabricated diffused aeration 
apparatus. As can be seen in Figure 3.2, four individual aeration vessels each containing 
3 liters of water were built from glass, stainless steel and Teflon parts, and housed inside 
of a cooler. Air was supplied to each aeration vessel via a single air compressor. Air 
flow rates to each aerator were controlled by a 1-10 liter per minute flow meter. All air 
was run through a Restek indicating hydrocarbon trap to ensure that it was not 
contaminated with oil droplets from the compressor. Temperature probes were placed 
inside of each aeration vessel to monitor water temperature. An additional thermometer 
was placed in line in the air tube to monitor air temperature. Fine bubble diffuser stones 
were plumbed in place by custom fabricated Teflon fittings. A four stone air tube 
configuration and a one stone air tube configuration were fabricated from Teflon tubing. 
All tubing in contact with the THM spiked water was Teflon or stainless steel. Water 
temperature was controlled at the low temperature level by immersion of the aeration 
vessel in an ice bath, and at high temperature by immersion of the aeration vessel in a hot 
water bath. 
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Figure 3.2 Bench Scale Diffused Aeration Apparatus Schematic 
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Figure 3.3 Bench Scale Diffused Aeration Apparatus 
3.2.2 Diffused Aeration Experimental Procedure 
Due to limits imposed by the fact that four individual vessels were contained in 
one temperature controlled cooler, and price constraints due to sample analysis costs, 
complete randomization of the experiments was not possible. Instead, all experiments 
conducted at air temperature level two were conducted first, and all experiments at air 
temperature level one were conducted second. Mixing of the challenge solution in one 
vessel allowed for reduction in sample analysis cost, and resulted in 4 trial blocks of 
equal initial concentrations. 
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To prepare the apparatus and ensure that air flows to each aeration vessel were at 
the desired value, each aeration vessel was filled with three liters of distilled water. The 
air compressor was turned on and each individual flow meter was tuned to 1.5 or 3 
L/min. The air compressor was then switched off, and the aeration vessels were emptied. 
Challenge solution was prepared in a 20.125 L glass carboy. 20 Liters of distilled 
water were added to the glass carboy. For water temperatures of 1° C it was necessary to 
chill the 20 L of RO water in an ice bath overnight prior to addition of stock solution. 
Stock solution was added to bring the TTHM concentration to either lOOug/L or 400ug/L. 
Stock solution dilution worksheets are located in Section A of the Appendix. Further 
information on stock solution can be found in Section 3.4 and Section A of the Appendix. 
All stock solution was added to the challenge water via a micro pipette. The micropipette 
was calibrated to within .039% accuracy (see appendix Section A) A stainless steel 
paddle mixer was then lowered into the center of the carboy, and run at a low speed for 5 
minutes, Care was taken not to entrain air in the challenge solution. Initial concentration 
was then measured directly from the carboy via motorized pipette as outlined below. 
Next, each individual aeration vessel was filled via a tube exiting from a valve in the 
bottom of the carboy. Care was taken not to introduce air to water contact and minimize 
turbulence in this process. 
After each aeration vessel was filled in accordance with the process outlined 
above, the device was allowed to run for 60 minutes with samples from some aeration 
vessels being taken after 45 minutes and others being taken after 60 minutes. Samples 
were taken by a motorized 25 mL pipette being lowered into the center of the vessel, 
filled, and then emptied into a 40 mL glass sample vial with Teflon septa. Care was 
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taken not to introduce additional air to water contact by poor sample handling. Samples 
were inverted and inspected for air bubbles to insure that they were head space free. All 
samples were taken in duplicate. Samples were stored in a dark refrigerator, shipped in 
coolers, and analyzed within 14 days as per EPA method for determination of organic 
compounds in drinking water 551.1. 
3.3 Chlorine Residual and pH Experimental Apparatus and Procedures 
The same diffused aeration apparatus with the four diffuser stone 
configuration used for the initial THM bench scale study was also used for the free 
chlorine and pH bench scale evaluation. Because bio-films create free chlorine demand, 
the apparatus was allowed to soak overnight in a strong bleach solution and then rinsed 
with RO water until it no longer produced a free chlorine residual prior to each challenge. 
The challenge solution was created by mixing 20 liter batches of reverse osmosis water 
with sodium bicarbonate to add alkalinity, hydrochloric acid and/or sodium hydroxide to 
control pH, and bleach to add free chlorine. Alkalinity was measured by a hatch digital 
titrator at the beginning and end of the experiment. pH was monitored by a ph Probe 
(Accumet 13-620-299) with an accuracy of+/- .05. Free chlorine residual was 
monitored by a Hatch Chlorimiter with an accuracy of 0.012 mg/L. Water temperature 
was allowed to equilibrate to room temperature, an average 22 C. The aeration vessel was 
filled with three liters of challenge solution. The air flow rate through the diffuser stones 
was 10 liters per minute. Samples were analyzed every ten minutes for one hour, 
resulting in air to water ratios of 33.3/1, 66.7/1, 100/1, 133.3/1,166.7/1 and 200/1. 
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3.4 Pilot Scale Spray Aeration Variables and Experimental Design 
After investigation of diffused aeration at the bench scale, the decision was made 
to investigate spray aeration at the pilot scale. Spray aeration has the advantage of 
increased interfacial area, and avoids the problem of individual gas bubbles reaching 
equilibrium. A pilot scale spray aeration apparatus was constructed, tested and then 
redesigned in order to avoid short-circuiting and confounding of variables. 
Pilot testing of spray aeration to remove THMs was conducted in two phases; an 
initial phase in which the role of spray pattern (droplet size) and THM concentration was 
evaluated, and a final phase in which the role of Henry's constant (as a function of water 
temperature and THM specie), droplet travel distance (or air-water contact time) and 
Sauter mean diameter of droplet size was examined in further detail. Operating 
conditions and design variables for each phase of pilot experimentation are given in 
tables 3.3 and 3.4. 
The Experimental design for the initial and final spray aeration pilot scale 
experiments was done using the experimental design function in JMP. Level 5 
experimental resolution was achieved for the initial evaluation and level 4 experimental 
resolution was achieved for the final pilot scale experiment. 
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Table 3.4 Spray Aeration Pilot Scale Optimization Trials Operating and Design 
Variables 
Operating Conditions 
Water Temperature ( c ) 
Design Variables 
Droplet Travel Distance (m) 















3.4.1 Preliminary and Final Pilot Scale Spray Apparatus 
The first pilot scale device consisted of one rectangular 250 gallon high density 
polyethylene tank with an outlet controlled by a ball valve at the bottom. Water exited 
the tank through a one inch diameter hose flexible hose attached to the ball valve at the 
bottom of the tank, and was then pumped up through a 3.5 HP centrifugal pump to a 
shower head, located 3 feet above the water surface and sprayed back into the tank (see 
Figure 3.4). 
This apparatus was designed based on anticipated full scale design of spray 
aeration devices; however a potential short circuit was identified after initial evaluation 
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which had the potential to preclude accurate measurement of THM reduction due 
exclusively to the spray component of aeration. Because water falling from the spray 
nozzle created mixing and water turn over in the tank it was feared that additional air to 
water contact would be introduced into the system (DeMoyera 2003). Therefore a 
redesigned spray aeration apparatus was used for all pilot scale spray aeration 
experiments as can be seen in Figure 3.5. 
The final pilot scale experimental apparatus consisted of a 55 gallon drum 
connected to a 1.5 hp centrifugal pump manufactured by sta-rite inc, model number 
lf98V. An initial concentration sample location consisting of a small valve connected to 
1/8 inch diameter tubing was located immediately after the pump. Water flowed 
continually through this tube. A large ball valve served to control the flow by effectively 
limiting the amount of water permitted to pass. The flow was monitored by a Great 
planes digital instruments flow meter. 
Flow Meter 
Flow Control Valve 
Figure 3.4 Initial Pilot Scale Experimental Apparatus Schematic 
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Pressure Gauge Area of shower head holes = A 
t = d / v 
Pump Location 
Figure 3.5 Final Pilot Scale Experimental Apparatus Schematic 
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Figure 3.6 Final Pilot Scales Experimental Apparatus 
3.5 THM Stock and Challenge Solutions 
A Stock solution was created by mixing methanol, chloroform, 
chlorodibromomethane, dichlorobromomethane, and bromoform. Detailed stock solution 
creation procedures can be found in Section A of the Appendix. Methanol is a necessary 
ingredient because the THMs in pure form are dense non-aqueous phase liquids, and 
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must be "cracked" using methanol in order to become miscible in water. Physical 
characteristics of methanol and the THM species can be found in Table 3.5 
Table 3.5 Physical Properties of the Four Trihalomethane Specis (From Sigma 

































































The bench scale stock solution was mixed with the intention of simulating natural water. 
Therefore, chloroform was the constituent that was emphasized in respect to the other 
THM species, with the final concentration of chloroform accounting for 40% of 
TTHMS, and DCBM, BDCM and BF each accounting for 20% of TTHMs. The final 
concentration of the stock solution was 600 mg/L TTHM. 
All water used in bench scale experiments was run through a Reverse Osmosis 
filter and then distilled in a Barnstead mega pure MP6A distillation apparatus. Water 
used in the spray aeration scale nozzle assessment was tap water. The water used in the 
spray aeration pilot scale optimization trials was RO water. The RO water was tested for 
chlorine using a hatch chlorine pocket spectrometer test kit and found to have 0.00 mg/L 
of chlorine. 
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3.6 Analytical Methods 
All THM concentration analysis was conducted by the environmental engineering 
department at the University of Pennsylvania at Harrisburg. A modified version of EPA 
method 551.1 was used for all analysis, details of which are located in Section A of the 
Appendix. The electron capture gas chromatograph used in analysis was an Agilent 
Technologies 6890N GC-ECD, fitted with a Agilent 7683 Series auto sampler and auto 
injector. Included with each batch of samples was a lab created spiked sample for 
calibration. The squared correlation coefficient (R ) for spiked samples (provided by the 
lab) indicates satisfactory analytical accuracy. 
















3.7 Quality Assurance / Quality Control 
The USEPA has approved three different methods for quantifying TTHM levels 
in drinking water. These are methods 502.2 Rev 2.1 "VOCs by Purge and Trap Capillary 
GC with Photoionization and Electrolytic Conductivity Detectors in Series", 524.2 Rev 
4.1 "Purgeable Organic Compounds by Capillary Column GC/Mass Spectrometry" and 
551.1 Rev 1.0, "Chlorinated Disinfection By-Products and Chlorinated Solvents by 
Liquid-Liquid Extraction and GC with an Electron Capture Detector". Each of these 
methods can be found in "Methods for the Determination of Organic Compounds in 
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Drinking Water-Supplement HI (USEPA, 1995) All methods used in this study are 
based on EPA method 551.1 Rev 1.0. 
3.7.1 Laboratory reagent blank (LRB) 
Section 9.3 of method 551.1 reads "Before processing any samples, the analyst 
must analyze an LRB to demonstrate that all glassware and reagent interferences are 
under control" (USEPA method 551.1 Section 9.3)". Distilled water (used for all bench 
scale experiments) was aerated in the apparatus to be used in bench scale testing for one 
hour, and tested for THMs. No THMs were present in this water. 
3.7.2 Initial Demonstration of Capability (IDC) 
Because accurate dilution of volatile chemicals at parts per billion concentrations 
requires accurate measurements, EPA method 551.1 requires an initial demonstration of 
capability (IDC) to show that stock solutions can be created accurately at multiple 
concentrations. 
The IDC is used primarily to preclude a laboratory from analyzing 
and reporting unknown samples without obtaining some experience with an 
unfamiliar method. It is expected that as laboratory personnel gain experience 
with this method, the quality of this data will improve." (USEPA method 551.1, 
section 9.4.3) 
Select a concentration for each of the target analytes which is 
approximately 50 times the EDL or close to the expected levels observed in field 
samples. Prepare a Laboratory Field Blank by adding the appropriate 
concentration of the primary dilution standard to each of four to seven 50 ml 
aliquots. (USEPA method 551.1 Section 9.4.1) 
IDC levels bracketing the expected concentrations of THM were selected at 100 
ug/L, 200 ug/L and 400 ug/L. Stock solution dilution procedures were followed to 
produce 7 samples of concentrations as noted in Table 3.7. The percent of analyte found 
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to be present in the water relative to what was expected is noted in Table 3.7 and the 
standard deviation of each concentration is found in Table 3.8. 












For each analyte, the mean recovery value must fall within the range 
of 80% to 120% and the relative standard deviation must not exceed 15%. For 
those compounds that meet these criteria, performance is considered accepTable, 
and sample analysis may begin. (USEPA method 551.1 Section 9.4.2). 
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Table 3.8 Results: Initial Demonstration of Capability ( I P O 
Trial 
Intended ug/L TTHM 
























































































































RESULTS AND DISCUSSION 
The broad goal of this research is to assess the influence of variables that affect 
the removal of THMs by diffused and spray aeration in order to give process engineers 
the information necessary to effectively design THM aeration systems for finished 
drinking water. The research was conducted in three phases; a diffused aeration bench 
scale study, a preliminary spray aeration nozzle assessment, and a spray aeration pilot 
scale optimization study. The results of each phase of experimentation contributed to the 
experimental direction of the next phase. This approach allowed for an evolution of 
thought based on experimental results, ongoing literature review, and feedback from 
engineers involved in full scale THM aeration projects. Pilot scale spray aeration mass 
transfer coefficients were calculated for selected spray nozzles at 25° C, and compared to 
mass transfer coefficients predicted by correlation. Additionally, bench scale evaluations 
of free chlorine stripping potential were conducted. 
4.1 Diffused Aeration Bench Scale Assessment 
Quantification of the influence of experimental factors on overall performance of 
diffused aeration was determined by ANOVA statistical analysis. A detailed explanation 
of bench scale statistical experimental design can be found in Section 3.2. Data was 
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analyzed using JMP statistical analysis software. All output from the JMP software can 
be in Section D of the appendix. Because JMP does not determine the percent 
contribution of individual variables in overall experimental analysis, Taguchi methods to 
determine percent contribution of overall removals were used, as can be found is Section 
D of the Appendix. 
Variables of interest were chosen based on published experimental results 
identified in the literature review process, and can be divided into two categories; design 
variables, or variables that can be chosen by the design engineer, and operating 
conditions, or variables that cannot be controlled. For a table of papers and associated 
variables of interest please see appendix Section C. Variables chosen for bench scale 
analysis and their associated levels are identified in Table 4.1. 
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Temperature has an effect on the Henrys constants of all volatile chemicals (see 
Section 2.1.3), and therefore was expected to contribute to the overall removal efficiency 
of aeration. Because water tank aeration will happen under various combinations of 
44 
water and air temperatures, quantification of the individual contributions of air 
temperature and water temperature to THM reduction was an area of interest. 
In order to assess worst operating conditions, a low water temperature level of 1 ° 
C was selected. A high temperature level of 20 ° C reflects an average water 
temperature. Air temperatures of 4 ° C and 20 ° C were chosen based on available 
controlled ambient air temperatures. Concentrations of 100 ug/L and 400 ug/L were 
selected because both are above the MCL of 80 ug/L, with 400 ug/L reflecting a worst 
case operating condition. 
Design variables of contact time and air flow rate were chosen in conjunction in 
order to create desired air to water ratios of 22.5/1, 30/1, 45/1 and 60/1. 
Figure 4.1 Influence of Diffused Aeration Time on Air to Water Ratio in a 3 Liter 
Reaction Vessel 
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By aerating a 3 lilter vessel for 45 minutes with an air flow rate of 1.5 L/min an 
air to water ratio of 22.5/1 was obtained (45 x 1.5 / 3 = 22.5). By aerating for 60 minutes 
at 1.5 L/min an air to water ratio of 30/1 was obtained (60 x 1.5 / 3 = 30). By aerating at 
a rate of 3 L/min for 45 min an air to water ratio of 45/1 was obtained (45 x 3 / 3 = 45). 
And fineally by aerating at a rate of 3 L/min for 60 min and air to water ratio of 60/1 was 
obtained (60 x 3 / 3 = 60). The influence of diffused aeration time on air to water ratio 
can be seen in figure 4.1. Diffuser stone apparatus can be sen in figure 4.2. The number 
of diffusers was chosen based on the assumption that by pumping the same ammount of 
air through one stone versus four stones, the size of the resulting bubbles would vary. 
This is illustrated in figure 4.3. 
Figure 4.2 Four Diffuser Stone Diffused Aeration Apparatus (Left) and One 
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Figure 4.3 Four Diffuser Stone (Left) And One Diffuser Stone (Right) Diffused 
Aeration Apparatus and Resulting Bubble Size and Distribution 
Results and associated variable levels for all bench scale treatment trials are 
summarized in Section D of the Appendix. Figure 4.4 shows percent removals of each 
THM species versus air to water ratio at one degree Celsius and twenty degrees Celsius. 
The trend is clear, with removals increasing as the air to water ratio increases. The 
influence of Henry's constant is also clear, with chloroform being the species most 
amenable to removal by aeration followed in order of descending Henry's constants by 
chlorodibromomethane, bromodichloromethane and bromoform. The effect of 
temperature can be seen by comparing removals of each species at the same air to water 
ratio between the twenty degree and one degree Celsius graphs. It should be noted that 
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the effect of temperature on removals can be mitigated by increasing the air to water ratio 
because higher air to water ratios increase removals at all temperatures. Bubble size did 
not affect overall removal rates (Bilello 1982). 
Figure 4.4 Percent Removal of 4 Species of THMs as a Function of Air to Water 
Ratio at (A) 20° C and (B) 1° C 
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4.2 Predicted Diffused Aeration Removals versus Actual Diffused Aeration 
Removals 
As outlined in the literature review (Section 2.2.1) two equations exists to predict 
overall diffused aeration removals based on design and operating variables. The well 
known minimum air to water ratio equation (Equation 2.16) is normally used for 
continuous flow systems, where water is flowing through the aeration vessel. Because 
the air to water ratio of a fixed volume vessel with no water flow through can be 
calculated by multiplying the air flow rate by the aeration time and then dividing by the 
water volume, an investigation of the validity of Equation 2.16 for a batch mode aeration 
vessel was undertaken. Figure 4.5 shows predicted removals from equation 2.16 vs. 
actual average removals achieved in bench scale experimental trials. This graph shows 
that experimental data confirms the overall validity of Equation 2.16 with actual 
removals equal to or greater than those predicted by the equation. However for air to 
water ratios above 45/1, overall removals are significantly higher (>30%) than predicted 
making equation 2.16 an overly conservative estimation of overall removals for higher air 
to water ratios. An investigation into the batch mode equation (equation 2.17) proposed 
by S. Sherant (Sherant 2007) shows significantly better agreement with experimental 
results, especially at the higher water temperature level testing of 20° C used in bench 
scale experiments. Results of experimental removals versus predicted removals at both 
20° C and 1° C can be seen in figure 4.6. 
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Figure 4.5 Predicted Percent Removals of THMs (From Equation 2.16) Vs. Actual 
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Figure 4.5 Predicted Percent Removals of THMs (From Equation 2.17) 
Vs. Actual Removal of THMs at [A] 1° C and [B] 20° C 
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Because the existing model for a minimum air to water ratio for continuous flow 
diffused aeration is not completely accurate, an iterative minimum air to water ratio 
model was also investigated. Because the concentration of TTHMs in solution changes 
with time, the concentration gradient and resulting driving force for mass transfer also 
changes with time. First, Equation 2.16 is rewritten as follows in Equation 4.1 
[4.1] 
' t 
C0= Initial concentration 
Ce= Effluent concentration 
Hcc= Henry's constant 
© 
V t = Air volume at time t 
Wt = Water volume at time t 
W = Water volume in vessel 
e
 J = Percent removed at time t 
Next an iterative approach is used whereby the percent removals are calculated at 
time intervals of one minute, according to Equation 4.1. Then the percent removals are 
applied to the initial concentration, with the resulting initial concentrations changing with 
time. The resulting effluent concentrations are then calculated iteratively, with the 
concentration at time t being equal to the percent removal at time t times the 
concentration at t-1. Results of this approach are shown in the Section B of the appendix. 
Figure 4.7 shows the results of Equation 4.1 compared to experimental results. It 
should be noted that the modified model accurately predicts the % removals for 
chloroform, but does not work for the other THM species. This is likely because mass 
transfer of species with lower henrys constants are controlled by resistance in the air film 
as opposed to the water film (see Section 2.1.5) Therefore the mass balance approach to 
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finding a minimum air to water ratio (Equation 2.15) does not work for THM species 
with lower Henrys constants because the effluent air concentration is not in equilibrium 
with the liquid in the vessel (Roberts 1985). 
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Figure 4.7 Iterative Approach: Predicted Percent Removals of THMs 
Vs. Actual Removal of THMs at 20° C 
The ANOVA results as shown in table 4.3 demonstrate that water 
temperature, air flow rate, and air flow time had a significant effect on removals of all 
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THM species, while air temperature, number of diffusers and concentration of THMs did 
not. Of factors that influenced removals, water temperature had the largest influence, 
contributing 57.5% to overall removal rates. Air flow rate also contributed to removals 
significantly with a 30.3% contribution. Table 4.3 show the contribution of experimental 
factors to overall THM removal rates. Table 4.4 shows the percent contributions of all 
experimental factors and factor interactions for each individual THM specie. 
Table 4.3 Contribution of Experimental Factors to Diffused Aeration Efficiency for 
Parameter 
Water Temp 




















Table 4.4 Contribution of Experimental Factors to Diffused Aeration Efficiency for 
Removal of Each THM Specie 
Paramater 
Water Temp 




Water Temp*Air Flow 
Rate 
Air Temp* Water Temp 





















































The error rate is a combination of analytical error, sampling error and unexplained 
error, and is low enough to indicate a complete and accurate statistical model. All 
significant factors that play a role in THM removal were controlled, and their importance 
has been determined. Interactions between these variables have been examined and 
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accounted for. Factors and factor interactions contributing less than 2% to overall 
removal rates have been dropped from this analysis and their contribution has been 
included in the error term. All JMP statistical analysis software output and contributions 
of experimental factors to diffused aeration efficiency for each THM specie removal can 
be found in Section D of the appendix. 
4.3 Applying Diffused Aeration Results to Spray Aeration Applications 
The initial impetus for this project came from a desire to verify the results 
obtained from a full scale field evaluation of a diffused aeration apparatus installed in a 
water tank in Blackrock PA by Dr. Y. Xie of Penn State Harrisburg (Sherant 2007). As 
demonstrated in the bench scale results, diffused aeration is an effective technique to 
remove THMs; however as the project progressed past bench scale experimentation 
additional literature review indicated that spray aeration also held considerable promise 
for THM reduction. (Roberts 1983) 
4.3.1 Preliminary Spray Aeration Nozzle Assessment 
Diffused and spray aeration rely on the same mechanisms for mass transport; a 
concentration gradient drives the THMs through an interfacial surface area, moving the 
THMS from a liquid phase to a gas phase. The key difference between diffused and 
spray aeration is that the bubbles created in diffused aeration have a finite volume and 
can reach saturation rapidly (Roberts 1983). This means that THM removal may only 
occur for the first few feet of bubble contact. Because bubbles have a small volume, the 
gas concentration of THMs inside the bubbles increases over time, lessening the 
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concentration gradient that provides the driving force for mass transfer. Spray aeration 
offers a larger air volume, greatly lessening the effect of a decreasing concentration 
gradient, and therefore offering the potential for a more efficient aeration strategy. Like a 
diffused aeration apparatus, a spray aerator could be placed in either a water tower or 
possibly a clear well chlorine contact chamber. 
In diffused aeration, air is compressed and blown up through the water column; 
therefore for tall tanks creating enough air pressure to overcome the water pressure can 
become cost prohibitive. Diffused aeration is not recommended for depths greater than 
15 feet, which diminishes the number of tanks this treatment technology would be useful 
in (AWWA 1999). Finally, spray aeration requires water pressure to make an air to 
water interface, while diffused aeration requires air pressure. Because water pressure is 
already required for filling a water tank, some systems may require nothing more than a 
redesign of water tank influent piping and the addition of a spray nozzle in order to 
realize significant THM reductions. 
4.3.2 Spray Aeration Nozzle Assessment Operating Conditions and Design Variables 
Bench scale experiments quantified the influence and relative contributions of 
select spray aeration operating conditions (water temperature, air temperature, and THM 
concentration), and design variables (diffuser arrangement, air flow rate and aeration 
time), to removal efficiency. These selected variables were based in part on the results 
from the diffused aeration study. In order to design pilot scale spray aeration 
experiments based on bench scale diffused aeration results, an initial investigation to 
confirm the role of operating conditions and design variables was deemed desirable. 
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Water temperature was considered a critical operating condition and included in the 
initial spray aeration pilot assessment; however, there was no practical way to control air 
temperature. Additionally there was not a good way to control the effect of air 
temperature on water temperature; as the droplets moved through the air, their 
temperature changed. THM concentrations similar to those in the bench scale 
(50,125,200 and 400 ppb) were used. Initial pilot scale evaluation design and operating 
variables are summarized in Table 4.5. For information on individual THM species 
concentrations see Section 3.5. 
Table 4.5 Initial Spray Aeration Design and Operating Variables 
Level 1 Level 2 Level 3 Level 4 
Operating Conditions 
TTHM Concentration 
(ug/L) 50 125 200 400 
Design Variables 
Nozzle Type 





In diffused aeration the combination of air flow rate and water flow rate (or 
aeration time for a fixed volume of liquid) combine to form an air to water ratio, which 
has no direct analogy in a spray aeration system. Instead, spray aeration models include 
an interfacial surface area (m /m ) and a contact time term, which together describe the 
area in which mass transfer can occur (A WW A, 1999). 
The interfacial surface area of a spray aeration system is a function of nozzle 
characteristics and the amount of pressure at the nozzle. Generally speaking, as the 
operating pressure increases, the droplet size decreases, and the interfacial surface area 
increases, however the character of the nozzle opening is the controlling factor in this 
process. For the initial pilot evaluation, the design variables chosen for assessment were 
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operating pressure and nozzle type. The two nozzles chosen for pilot experimentation 
had distinctly different spray patterns. One nozzle produced steady streams of water, 
while the other produced a spray pattern, as can be observed in Figures 4.8 and 4.9. 
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Figure 4.9 Nozzle Two and Nozzle Two Spray Pattern 
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4.3.3 Spray Aeration Nozzle Assessment Main Treatment Trials 
The spray aeration nozzle assessment was conducted using the apparatus shown 
in figure 3.4. Results and associated variable levels for all initial pilot scale treatment 
trials are summarized in Section D of the Appendix. Table 4.6 shows TTHM removal 
rates as a function of shower nozzle type and operating pressure. Percent removals are an 
average of eight individual trails of 4 THM initial concentrations. Table 4.7 Shows 
ANOVA analysis of the percent contribution of experimental factors to overall removal 
rates. 
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Two significant trends are apparent from these results. First, the average removal 
for shower head two is greater for both operating pressures than the average removals of 
shower head one. This suggests that the smaller droplet size produced by shower head 
two creates a better opportunity for mass transfer, resulting in greater THM reductions. 
This result is also apparent from the roughly 40% contribution of the showerhead in the 
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ANOVA analysis. The second trend is that as operating pressure increases shower head 
one has decreased THM removals, while shower head two has increased removals, 
suggesting that increased operating pressure has different effects on the characteristics of 
water exiting the two nozzles. This trend is apparent from the interaction of showerhead * 
flow rate in the ANOVA analysis. In shower head one, which produces streams of water, 
increased operating pressure does not result in increased interfacial surface area, instead 
the water streams simply have an increased velocity. The increased water velocity leads 
to less air-water contact time and decreased opportunity for mass transfer, and therefore 
decreased removals. For shower head two, the increased operating pressure results in 
smaller droplet size and increased interfacial surface area resulting in greater removals. 
Although the water exit velocity from the nozzle is greater at higher pressure, the benefit 
of increased interfacial area outweighs the decreased air to water contact time. 
The error rate for the initial evaluation of experimental factors affecting the 
overall removal rate of THMs is over 31%. Because the error rate is between 15% and 
50 % we can say that the model is somewhat useful, but that either not all factors were 
controlled precisely enough or that additional variables that influence removal rates were 
not included in the experiment. Because the error rate is greater than the contributions of 
flow rate, concentration, and the interaction of flow rate and showerhead type, the only 
meaningful result of the initial evaluation of experimental factors is that the 
characteristics of the water stream created by the nozzle are significant in overall removal 
rates. 
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4.4 Spray Aeration Pilot Scale Optimization Trials 
The next phase of spray aeration pilot trials focused on an assessment of operating 
and design variables affecting THM removal rates with an emphasis on gathering enough 
information to accurately create a model which could be utilized to design and build an 
actual spray aeration apparatus in the field. With that goal in mind, all design and 
operating variables were chosen to either reflect likely worst case operating conditions, or 
design variables identified as likely to influence THM removals. Design and operating 
variables for the spray aeration pilot scale optimization trails are summarized in Table 4.8 
Table 4.8 Spray Aeration Pilot Scale Optimization Trials Operating and Design 
Variables 
Level 1 Level 2 Level 3 Level 4 
Operating Conditions 
Water Temperature ( c ) 
Desi 
Droplet Travel Distance (m) 
Droplet Sauter Mean Diameter (u) 








The only operating condition evaluated in the spray aeration pilot scale 
optimization trails was water temperature. Water temperature was chosen for two 
reasons. First, the effects of water temperature on THM removals by aeration were found 
to be significant in all previous experimentation. Second, the effect of variations in 
Henry's constants as a function of water temperature vs. compound speciation on 
aeration efficiency was an area of interest. 
The initial evaluation of spray nozzle variables showed that the characteristics of 
the water spray pattern created by the nozzle are influential in determining the overall 
THM removal rate. As previously discussed, the increased removals of nozzle two over 
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nozzle one in the initial spray aeration evaluation were a function of droplet size (which 
directly effects interfacial surface area) and contact time; therefore a more precise 
investigation of these two variables was deemed critical to the final pilot scale analysis. 
In order to more accurately describe the characteristics of the water stream or 
spray pattern produced by a nozzle, analysis of the droplet size distribution and average 
droplet size, given by the Sauter mean diameter (SMD) of the droplet is necessary. 
(AWWA 1999) This type of analysis is done using still photography. Most nozzle 
manufacturers can provide this information. The amount of pressure at the nozzle and 
the characteristics of the nozzle openings determine the SMD of droplets produced. 
Therefore when contacting a nozzle vendor, it is important to know how much excess 
operating pressure is available, or else have an estimate of the SMD required to meet 
treatment objectives. For this experiment SMDs of 140, 350, 690 and 1100 microns were 
selected. 
For the spray aeration pilot scale optimization experimental trials, spray nozzles 
from nozzle manufacturer BETE were selected (http://www.bete.com). These nozzles 
were chosen because they are able to produce a wide variety of droplet sizes (based on 
nozzle type and operating pressure) but have only one nozzle orifice. This was 
considered a design advantage because the large opening should help to prevent nozzle 
clogging. Selected nozzles and spray patterns can be seen in Figures 4.10 through 4.12. 
The second design variable selected for this experiment was droplet travel 
distance; the distance a droplet travels after exiting the nozzle before splashing down on 
the water surface. This was considered an important variable because the time it takes 
the droplet to travel from the nozzle exit to the water surface is the time in which mass 
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transfer can occur. By varying the droplet travel distance and keeping the nozzle exit 
velocity and droplet SMD constant, an assessment of the influence of air to water contact 
time was evaluated. Results and associated variable levels for all spray aeration pilot 
scale design trials are summarized in Section E of the Appendix. The experimental 
apparatus shown in Figure 3.4 was used. The average initial TTHM concentration before 
aeration was 112 ug/L. 
Removal rates achieved by spray aeration were comparable to those achieved by 
diffused aeration. One striking difference between diffused and spray aeration is that for 
spray aeration, removals of individual THM species at the same experimental conditions 
are significantly closer. The average difference between bromoform and chloroform 
removals in a given run for diffused aeration was 56 percent, but for spray aeration was 
12 percent. This is likely a result of the fact that VOCs with Henrys constants of less 
than 0.55 are not controlled by the liquid phase mass transfer coefficient, but instead are 
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Figure 4.11 Nozzle TF 14 and two spray patterns produced by operating at 2 flow 
rates (Droplet Sauter Mean Diameter of 350 Left, Droplet Sauter Mean Diameter of 
690 Right) 
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Figure 4.12 Nozzle MP 375 and MP 375 Spray Pattern (Droplet Sauter Mean 
Diameter of 1100 
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Table 4.10 Influence of Spray Aeration Pilot Scale Experimental Factors on TTHM 
Removals 
Paramater 
Droplet Travel Distance 
Temperature 
Sauter Mean Diameter of Droplet 
































The 27% error rate is between 15% and 50% indicating an incomplete but 
statistically valid model; some variables were either imprecisely controlled or else 
unaccounted for. One likely possibility is that the initial concentration of THMs was not 
controlled accurately enough, resulting in a non uniform driving force for mass transfer. 
Although initial concentration was not important in bench scale diffused aeration 
experiments, it is possible that this was the case due to finite air bubble volume, and that 
in spray aeration where the concentration of THMs in the air does not reach equilibrium 
with that in the water droplets, the difference in initial concentrations resulted in unequal 
driving force for mass transfer between experimental runs. Another possible source of 
error is that all spray aeration experiments were conducted outside, and wind could have 
influenced droplet trajectory and therefore droplet travel time. 
4.5 Spray Aeration Design Model 
A critical goal of this research is to present engineers with the information 
necessary to design a spray aeration system to remove THMs from finished drinking 
water. In the spray aeration pilot scale evaluation, an examination of the effects of 
droplet travel distance and droplet diameter (interfacial surface area) showed that these 
two design variables are important in THM removal rates. Mass transfer coefficients can 
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also be useful in predicting and comparing VOC removals for competing air stripping 
equipment. 
Air water contact time is a crucial aspect of mass transfer; however estimating the 
time that it takes a droplet of water to move from the nozzle to the water surface poses 
certain challenges. The droplet travel time is a function of nozzle exit velocity, exit 
angle, droplet SMD, gravity, and travel distance. In order to accurately predict droplet 
travel time, first the droplet terminal velocity must be calculated according to Equation 
4.2. 
Vt = 
4gd / p - p s 
3Q \ f 
d = Diameter of the spherical object (m) 
g = Gravitational acceleration (m/s2) 
f = Density of the fluid (kg/m3) 
Ps = Density'of the object (kg/m3) 
A = Ft d / 4 = Projected area of the sphere (nv 
Cd = Drag coefficient (0.47 for spheres) 
Vt = Terminal velocity (m/s) 
Next the drag constant must be calculated according to Equation 4.3. 
[4.2] 
b= £!£. [4-3] 
Vt = Terminal velocity (m/s) 
g = Gravitational acceleration (m/s2) 
b = Drag constant (kg/s) 
m = Mass (kg) 
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Finely the drag force can be calculated according to Equation 4.4. 
F = - b v [4 
F = Drag Force (N) (kg m/s2) 
b = Drag constant (kg/s) 
v = Velocity (m/s) 
It should be noted that the drag force is a function of velocity, and therefore as the 
velocity of the water droplet decreases, the drag force has less and less impact on the 
droplet velocity, until the droplet slows to its terminal velocity and the acceleration due to 
gravity and the drag force are equal. This means that when calculating the droplet travel 
time, the effects of the drag force must be calculated over small time intervals. All data 
for these calculations can be found in appendix Section B. Table 4.11 shows physical 
characteristics used to calculate droplet travel times and mass transfer coefficients from 
empirical data. Photographic analysis could be a useful empirical check to determine the 
accuracy of predicted droplet travel time. 
Table 4.11 Physical Characteristics of Droplets and Droplet Travel Times 
Parameter 
Flow Rate (gpm) 
Nozzle Orifice Diameter (in) 
Operating Pressure (PSI) 
Droplet SMD (\i) 
Droplet SMD (m) 
Interfacial Surface Area (m2/m3) 
Flow Rate (m3/s) 
Exit Area (m2) 
Nozzle Exit Velocity (m/s) 
Distance Traveled Before Reaching 
Terminal Velocity (m) 
Time to Reach Terminal Velocity (s) 
Time to Fall .73 m (s) 
Time to Fall 2.13 m(s) 































































Although there is extensive literature on mass transfer coefficients for counter 
current packed towers, there does not appear to be published literature on mass transfer 
coefficients for THM spray aeration. Therefore, since considerable data has been 
gathered in these experiments, assessing mass transfer coefficients for the spray nozzles 
utilized in the final spray pilot was considered valuable in order to allow for a 
comparison of the effectiveness of mass transfer achieved by spray aeration to that of 
other aeration strategies. 
-In — = K, at 
Co 
Ce = Concentration of Effluent (mg/L) 
C0= Initial Concentrataion (mg/L) 
a = Specific Interfacial Area (HI3/ m2) 
KL= Overall Mass vCoefficent (m/s) 
t = Time (s) 
Equation 4.5 expresses the relationship between initial and final concentrations, 
air water contact time (t), interfacial surface area (a) and the mass transfer coefficient 
(KL) (AWWA 1999). KL is a function of the characteristics of the nozzle, the solubility, 
Henry's constant, liquid and gas diffusivity of the THM species being stripped, and the 
temperature of the water in which the THMs are in solution. 
For many air stripping applications, the mass transfer coefficient and interfacial 
surface area are combined into one coefficient, KL a. Because the interfacial surface area 
achieved by a nozzle operating at a given pressure is based on the SMD of the water 
droplets (Equation 4.6) which is usually available from a nozzle manufacturer, the actual 
value of KL can be derived from experimental data. This was initially considered useful 
[4.7] 
because a mass transfer correlation exists to predict the mass transfer coefficient based on 
liquid diffusivity, air water contact time, and droplet SMD. By calculating the mass 
transfer coefficient by correlation, it was hoped that Equation 4.7 could provide a mass 
transfer coefficient that would be useful to predict THM removals. 
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a = — [4.6] 
dp 
dp = Sauter mean diameter (m) 
a = Interfacial surface area ( m 2 / m ) 
Mass Transfer Correlation 
( t \ l / 2 
D T 
- ~ 
DL= Liquid phase diffusion coefficient of solute, cm/s 
t = Time, sec 
dp = Sauter mean diameter (in) 
KL= Mass transfer coefficient, cm/sec 
At 25° C, the liquid diffusivity of chloroform and bromoform are 9.2 x 10"6 
cm2/sec and 8.8 x 10"6 cm2/sec respectively (Metcalf & Eddy, 2005). Using these liquid 
diffusivities to solve Equation 1.4 results in mass transfer coefficient correlations which 
are summarized in Table 4.12. Also Summarized in Table 4.12 are mass transfer 
coefficients derived from experimental data (using equation 4.5) for bromoform and 
chloroform for experiments that were conducted at 22C. 
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Although the predicted and empirical mass transfer coefficients are of the same 
order of magnitude, they differ significantly. Additionally, the mass transfer coefficient 
correlations for chloroform and bromoform are very close to each other, differing by only 
.0003. and are the result of the closeness of liquid diffusivity for bromoform and 
chloroform. Because the percent removal during air stripping of chloroform and 
bromoform under identical operating conditions is significant (>30%), the mass transfer 
coefficient correlation for THM stripping by spray aeration does not appear to be useful 
(Djebbar, 1995). This is likely because mass transfer of THMs is not completely 
controlled by liquid diffusivity, but also by gas diffusivity. C. Munz and P. Roberts 
report in a paper titled "Gas- and Liquid-Phase Mass Transfer Resistances of Organic 
Compounds During Mechanical Surface Aeration" that for VOCs with a Henry's constant 
less than .55, liquid film resistance does not completely control mass transfer (Munz, 
1989). 
Because an appropriate mass transfer correlation has not been developed for 
THMs, an investigation into the possibility of creating design graphs to predict THM 
removals based on a proposed air to water ratio for spray aeration has been investigated. 
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As a water droplet falls, the space it moves through has a volume and can be 
visualized as a long cylinder with a height (h) equal to the average distance the droplet 
travels from nozzle exit to splash down and a diameter (d) equal to the average droplet 
diameter. The average droplet travel distance has been assumed to be equal to a droplet 
travel path halfway between the maximum droplet travel distance at the exterior of the 
spray cone and the smallest droplet travel distance, at the center of the spray cone. As 
shown in equation 4.8, the ratio of the volume of this cylinder to the volume of the water 




 = 4 = L 5 h = 0.25 ha 
W
 JCdl d C 0 S T 
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These design graphs are potentially useful to the design engineer because 
operating variables such as THM speciation and required percent reduction, droplet travel 
distance (based on storage tank dimensions and pumping regime) and operating 
temperature range are usually known variables. Based on that information, the required 





































































































































































































































































































































































































































4.6 Influence of Aeration on pH and Chlorine Residual 
Spray and Diffused aeration both show significant potential for THM removal, 
but in order to be used effectively to treat finished water, an assessment of the effects of 
aeration on free chlorine residual and water pH was conducted at the bench level. 
Maintaining free chlorine levels is important for compliance with EPA guidelines which 
state (USEPA, 2004): 
For [public water systems] that use surface water or ground water under the 
influence of surface water (Subpart H systems) the residual disinfectant 
concentration in the water entering the distribution system cannot be less than 0.2 
mg/L for more than 4 hours [40 CFR 141.72(a)(3) & (b)(2)]. The residual 
disinfectant concentration in the distribution system cannot be undetecTable in 
more than 5% of the samples each month, for any 2 consecutive months that the 
system serves water to the public [40 CFR 141.72(a)(4) & (b)(3)]. 
Additionally, pH control is critical as pH changes can have significant effects on leaching 
of heavy metals and/or the formation potential of DBPs. The EPA states (USEPA, 2004): 
From a health effects standpoint, a wide range of pH values can be tolerated by 
persons consuming water. However, values outside the range of the secondary 
standards of 6.5 to 8.5 can cause increased corrosivity. Corrosive water tends to 
dissolve metals (e.g., lead, copper) with which it comes into contact. Elevated 
levels of metals such as lead in drinking water are known to cause adverse health 
effects. Additionally, at high pH values, the ability of chlorine to provide 
disinfection protection diminishes and the formation of halogens (e.g., 
trihalomethanes) increases (42 FR 17143; March 31, 1977). 
An explanation for the apparent stability of free chlorine during aeration is 
apparent when examining the water chemistry of free chlorine from a thermodynamic 
perspective. The first step in determination of the gas and aqueous concentrations of free 
chlorine, is to determine the chemical reactions that govern the speciation of chlorine in 
water at varying pH levels. Next, an equilibrium constant must be determined; This has 
been accomplished via two approaches, as outlined below. Finally, with an equilibrium 
constant in hand, the concentration of chlorine in gas phase can be determined, and by 
applying the henrys constant for chlorine, the concentration of chlorine in aqueous phase 
may then also be determined. 
The redox half reactions that govern the speciation of free chlorine in solution and 
the corresponding electrical potential is given in Equation 4.6. (Benjamin 2001) 
E , v 
^ C r - ^ C l 2 ( g ) + ^ - -1.36 
HOC1 + R++/fe —> J2f + R^ Q 1.49 
HOC1 + C f + H^—> Cl2(g)+ H> O 0.13 
The Gibbs free energy of a redox reaction is related to the equilibrium constant via 
Equation 4.7. 
F E cell 
„eq 
Therefore the equilibrium constant can be calculated from Equation 4.7 as follows. 
(2)(23,061)(0.13) _
 i n n 
111 fVeq — - • — - — — - — - - _ - — - — — - 1 U . 1 1 
Jveq — c 






The equilibrium constant can also be calculated by determining the Gibbs free 
energy of the reaction as a function of the Gibbs free energy of the products minus the 
Gibbs free energy of the reactants. 
The Gibbs free energies associated with the redox reaction for free chlorine in 
solution is 25.98 KJ / M (Benjamin 2001). The Equation that relates the Gibbs free 
energy of a reaction to the equilibrium constant is given in Equation 4.11. 
yd =-RT 
&— rxii 
This equation then simplifies to Equation 4.12. 
-eq 
KJ 
Mol ) 1 V 5 A ^ e 1 
- eq _ _ i KJ 




Finally the Equation can be solved for the equilibrium constant for free chlorine in 
solution as follows in Equation 4.13. 
KJ [4 
Mol „ „ , 
Or 
The Equilibrium constants given by Equations 4.8 and 4.13 are not identical but 
are on the same order of magnitude. With the equilibrium constant in hand, the 
concentration of free chlorine in gas phase can be calculated by putting the products of 




fveq =—-————— ______ ___ 
+ (C1 ) + (H+^ 
Assumptions on pH, chloride level and free chlorine dose must be made for our example. 
Assume pH = 8, Cl~ = 250 nig / L, and HOC1 / OCT = 1 mg / L as CI, 
The speciation of free chlorine between hypochlorous acid and hypochlorite is 
determined by pH; as the pH decreases, hypochlorous acid becomes the dominant 
species. Figure 4.14 shows the speciation of free chlorine from between pH 6 and pH 9. 
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PH 
Figure 4.14 Percent of Total Chlorine In a Nonionic Form 
(HOC1) as a Functon of pH 
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Finally the molar concentration of free chlorine in gas phase can be calculated as 
follows. 
[4 
+ (4.06 x 105 - ^ ) = 1.15 x 1020 ATM 
Cl2 (g) = 1.15 x 10"2° ATM 
From this result it is apparent that for all pHs, the fraction of free chlorine in gas phase is 
very small, and therefore free chlorine should not be significantly stripped by any form of 
aeration. 
4.6.1 Experimentally Assessing the Selected Influence of Aeration on Chlorine Residual 
In order to experimentally assess the effects of aeration on pH and free 
chlorine residual, experiments were conducted at levels identified in Table 4.13. 
Initial pH levels slightly beyond both ends of the range recommended by the EPA 
(USEPA 2004) were chosen with the goal of simulating worst case scenarios for 
potential stripping of free chlorine or pH changes resulting from air to water 
contact.. Initial Alkalinity was in the range of 80- 100 mg/L as CaC03, to reflect 
average finished water alkalinity. 
CL(g) = .285 'LasCl 
71 x 10 3 T! 
250 T 
35.5xl03j 
+ ( 1 0 f ) 
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The first two experiments were run in duplicate, with two aeration vessels 
operating independently, side by side. The pH was allowed to change over the 
course of the experiment. The final experiment was run in a single aeration vessel 
and the pH was kept close to its initial level by titration with HC1. Data from each 
experiment is summarized in Table 4.13. Figure 4.15 shows pH and free chlorine 
levels as a function of air to water ratio. For all Treatment trials, the free chlorine 
residual did not change significantly. This data is in agreement with data 
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CHAPTER 5 
SUMMARY AND CONCLUSIONS 
Air stripping of Trihalomethanes is a viable treatment strategy for finished drinking 
water. Spray aeration achieved significant reductions of all THM species while diffused 
aeration was particularly effective for chloroform species. Spray aeration offers 
advantages for removals of BDCM, CDBM and BF due to the ability to efficiently 
achieve high air to water ratios. Air stripping of THMs appears to be a highly cost 
effective option for DBP rule compliance with significant advantages in installation and 
O & M costs. Additional conclusions and observations are listed below: 
• The THM specie most amenable to removal by diffused aeration is chloroform, 
but significant reductions in all THM species is possible with spray aeration. 
• Percent reduction of THMs during aeration is significantly influenced by water 
temperature, with warmer water having a greater stripping potential than colder 
water. 
• Important variables impacting THM removals are air to water ratio, water 
temperature, and THM species (a function of Henrys constant). 
• According to literature, and including the fact that both gas anf liquid film 
resistance may play a rolein mass transfer of THM species (because of their 
relatively low Henrys constant, less than 0.55), spray aeration appears to be a 
better theoretical approach to THM stripping. 
• Spray aeration achieved THM reductions of 20% to >99.5% depending on droplet 
Sauter mean diameter (which is directly related to surface area), droplet travel 
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distance, water temperature and THM species. Droplet diameter is controlled by 
operating pressure and nozzle characteristics and is an important design variable. 
• Greater droplet travel distances give a greater opportunity for mass transfer, 
therefore when designing a spray aeration system to be installed inside a water 
tank, variations in water levels inside the tank will have to be taken into account. 
• Mass transfer correlations do not appear to work for the THM species because 
mass transfer does not appear to be exclusively controlled by liquid film 
resistance. 
• Free chlorine does not appear to be reduced by aeration due to the fact that only a 
very small fraction of chlorine is in a strippable form at typical treated water pHs, 
and there appears to be a rate limiting step between HOC1 and C12 (aq). In any 
case, no reduction in free chlorine residuals was observed in our bench scale study 




Because post-treatment aeration to remove THMs is a relatively unexplored 
treatment strategy, additional follow up studies to confirm the results of this research 
would be appropriate. The unexplained variation in the spray aeration experiments was 
relatively high, likely due to variables that were not controlled precisely or selective 
variables were not included, including the effect of wind on droplet travel distance. 
Other recommendations to expand the study may include the following: 
v 
• In order to develop a more robust set of spray aeration design graphs, photo 
analysis should be employed to confirm predicted droplet travel times. 
• The possibility of using multiple spray aeration systems in series to remove 
THMs with lower henrys constants could be investigated. 
• A study comparing the power costs of spray aeration and diffused aeration to 
determine a best practice should be undertaken. 
• A study to determine gas phase and liquid phase mass transfer coefficients for the 
THM species would allow for a better theoretical understanding and optimization 
of THM stripping. 
• A better mass transfer coefficient correlation model which takes both liquid and 
gas film mass transfer resistances into account should be developed. 
• The effects of increasing THM concentrations in the air inside of a water tank 
should be considered to allow for proper design of air vents. 
• A more in depth study of chlorine stripping potential to confirm the results of 
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METHODS AND MATERIALS 
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Stock Solution Dilution Procedures-
Materials 
One 250 ml flask with stoppered top 
One 50 mL Glass Stoppered Graduated Cylinder 
One 64 oz glass Jar (Challenge Vessel) 
One 200 uL micropipet 
One 10 uL gas tight syringe 
One 20 mL pipet 
Procedures. 
1) Measure 10 mL of HPLC grade methanol in 50 ml graduated cylinder. 
2) Add 8.29 uL of Bromoform to graduated cylinder. 
3) Add 32.17 uL of Chloroform to graduated cylinder. 
4) Add 12.12 uL of Bromodichloromethane to graduated cylinder. 
5) Add 9.80 uL of Chlorodibromomethane to graduated cylinder. 
6) Measure 190 ml of distilled water and add to 250 mL flask. 
7) Pour contents of graduated cylinder into 250 mL flask. 
8) Cover beaker with glass stopper and invert. 
9) Fill 100 2 ml auto sampler vials with stock solution, freeze in a dark freezer. 
Note on Dilution Procedures 
Solvent flush delivery technique will be used. 
1) Draw up 2.5 uL of Methanol into the syringe. 
2) Remove the Syringe from the methanol and draw the syringe plunger to the 5 uL mark, 
adding 2.5 uL of air. From the 5uL mark, draw the designated amount of THM then add 
the entire contents to the volumetric flask. 
Stock Solution Testing Procedures 
1) Measure exactly 3 liters of distilled water and add to a clean challenge vessel. 
2) Add one 2mL auto sampler vial to challenge vessel for a final concentration of 400 
micrograms per liter or measure. 
90 
3) Cover challenge vessel and invert once to mix. 
4) Remove exactly 40 mL and add to Sampling vials, (note. Sampling vials must be 
weighed empty prior to filling) When full there should be no head space in vials 
5) Check for head space by inverting sample vial once and looking for air bubbles. If 
bubbles are present, the vial must be discarded and the procedure repeated using a fresh 
sampling vial. 
6) Measure exactly 3 liters of distilled water and add to a clean challenge vessel. 
7) Add 500 uL of stock solution and add to challenge vessel for a final concentration of 
100 micrograms per liter. 
8) Repeat Stock Solution Testing procedures three through five. 
9) Measure exactly 3 liters of distilled water and add to a clean challenge vessel. 
10) Add 250 uL of stock solution and add to challenge vessel for a final concentration of 
50 micrograms per liter. 
11) Repeat Stock Solution Testing procedures three through five. 
Notes 
All dilution work will be done under the hood. 
THM Glassware Cleaning Procedures 
Remove labels or marks form Glassware. 
Wash with hot soapy water using Alconox. 
Do not use brush with any rubber or plastic parts on it. 
Do not use detergent stored in plastic container. 
Do not use disposable plastic gloves to wash glassware. 
Rinse thoroughly with hot RO water. 
Rinse thoroughly with DI water. 
Rinse thoroughly with HPLC grade Methanol. 
Bake at 105 C for one hour. 
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Modified EPA Method 551.1 Rev. 1.0 - TTHM 
Glassware Preparation 
1) Wash in detergent and tap water and rinse thoroughly in reagent water. 
2) Bake glass vials at 400°C for 30 min. 
3) Rinse septa and caps in HPLC grade acetone and dry at 80°C for 1 hr. 
Prepare Calibration Standards (Repeat for each final concentration so there is no 
bias) 
1) Get 200 ug/mL TTHM standard from freezer (everyone should have separate vial of 
standard). 
2) Add 30 mL of super pure water by weight (30 g) to 5 vials. 
3) Put pentane in 3 GC vials. Rinse a 20 uL syringe with pentane 5x from first vial then 
5x from second. Draw 2.5 uL of pentane from third vial, 2.5 uL air, and the appropriate 
amount of standard (sandwich method). Transfer all from syringe to water into 
appropriate standard vial. 
Sample Extraction 
1) Place sample on balance: remove water from sample vial until 30 g of sample remains 
in the vial. Add a little bit of sodium sulfite to each sample. 
2) Add 3 mL of pentane with Internal Standard (IS) using dispenser after pressing the 
dispenser on recycle a few times first. (Note: IS is 300 ug 1,2-dibromopropane / L 
pentane). 
3) Add approximately 12 g of sodium sulfate into vial, recap immediately, and shake for 
approx. 2 min.Place vial on side until begin shaking to prevent salt from clumping. (Note: 
Approximately 12 g sodium sulfate is enough to fill small weigh dish). 
4) Transfer a portion of solvent (upper layer - approx. 1 mL) to autosampler vial w/o 
taking any water by using a Pasteur pipette to draw the upper layer solvent, release the 
bottom drops in case they have water, and then transfer to the vial. 
GC Set-up 
The THMs are analyzed on an Agilent Technologies 6890N GC-ECD at 300 °C. The 1.0 
uL of sample was injected by an Agilent 7683 Series autosampler and autoinjector with a 
splitless mode at a temperature of 150 °C. The sample then went through a DB-1 
capillary column (30.0 m X 320 jxm X 1 urn) at 30 °C for 22 minutes, increased by 10 
°C/min to 145 °C and a post run time of 5 minutes at 200 °C using ultra high purity 
nitrogen gas (GT&S Inc., USA) at a flow of 1.4 mL/min. Gas saver was run at 20 
mL/min for 2 minutes. 
Calibration 
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The standards were prepared as described above for concentrations of 0, 50, 100, and 200 
ug/L to account for any high or low results. 













The calibration curves were then plotted to get the R and a values. The R values show 
how good the calibration is. The calibration is not accepted if the R2values are below 
0.97. The a values are then used to determine the amount in each sample. 

















Stock Solution Dilution Worksheet 
Density of Bromoform 













Stock Solution Concentration 
(Ug/L) 




Weight of Bromoform to be 
Added (ug) 
Weight of Chloroform to be 
Added (ug) 
Weight of Bromodichloromethane 
to be Added (ug) 
Weight of Chlorodibromomethane 





Stock Solution Volume to 
be Added to Challenge 
Volume (ml) 







Volume of Bromoform to be 
Added (mL) 
Volume of Chloroform to be 
Added (mL) 
Volume of 
Bromodichloromethane to be 
Added (mL) 
Volume of 







Certificate for Micropipette Used to Add Stock 
Solution to Challenge Solution 
QUALITY CONTROL CERTIFICATE 
The enclosed liquid handling instrument has been manufactured 
in a facility that employs a registered and certified quality management 
system. This system ensures that the development and production of this product 
has been strictly controlled and that it meets the highest quality standards. 
Each instrument passes stringent validation and Control Procedures 













Volume (//l) : 













Calibrated and tes ted using the gravimetric method with d i s t i l l e d water: 
Condition of measurements: 
Basis of adjustment: Ex; Reference temperature: 20°C; Relative a i r humidity: 50%; Barometric pressure: lOlkPa 
Warranty C e r t i f i c a t e 
The enclosed instrument incorporates an advanced pipetting mechanism built from robust components. 
The strictly defined production procedures and stringent quality control guarantee long term 
reliability of your pipette. This instrument carries a 3 year warranty against any defects in 
material and workmanship. The warranty shall be honored by your distributor given that the pipette 
was used in accordance" with the enclosed instructions and has been properly maintained as described 
in pipette manual. The warranty does not cover damage resulting from physical shock, extensive exposure 
to highly aggressive liquids or non-conventional pipette cleaning or non-conventional recalibration. 
This warranty does not cover: the teflon seal, o-ring and the shaft. These parts naturally wear during 
normal use, and it is recommended that these parts are replaced during scheduled maintenance. 
Servicing of your pipette 
In case of any questions or problems arising from the usage of your equipment contact your distributor. 
Any pipette returned to your distributor should be decontaminated and accompanied by a complete 
Claims Form (contact your distributor for a copy). On the Claims Form make sure to describe the 
conditions under which your pipette was used and the nature of the malfunction. Complete information 
is necessary so we may resolve any problems in the fastest and most effective manner. 
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APPENDIX B 
DROPPLET TRAVEL TIME ESTIMATES 
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V f = \ i 4gd lf-?s) 3Cd [ p j 
d = Diameter of the spherical object (m) 
g = Gravitational acceleration (m/s2) 
f = Density of the fluid (kg/m3) 
Ps = Density of the object (kg/m3) 
A =rtd2 /4 = Projected area of the sphere (m2) 
Cd = Drag coefficient (0.47 for spheres) 
V t= Terminal velocity (m/s) 
Droplet Terminal Velocity SMD 690 
Velocity (m/s) 
3.87 




Droplet Mass & Drag Constant SMD 
690 
Temp 












Droplet Mass & Drag Constant SMD 
350 















Droplet Mass & Drag Constant 
SMD 1100 
Temp 










Jt Mass & Drag Constant SMD 












36 6.91855E-07 1.38984E-06 36 1.42633E-09 
8.0316E-
09 
F = - b v 
F - Drag Force (N) (kg m/s2) 
b = Drag constant (kg/s) 
v = Velocity (m/s) 
b = mg 
Vt = Terminal velocity (m/s) 
g = Gravitational acceleration (m/s2) 
b = Drag constant (kg/s) 
m - Mass (kg) 
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0.01 5.31 7.41012E-06 
0.02 5.203660316 7.26173E-06 
0.03 5.099450222 7.1163E-06 
0.04 4.997327072 6.97379E-06 
0.05 4.897249072 6.83413E-06 
Distance traveled before 
reaching terminal velocity 
Time to reach terminal 
velocity 
Time to fall .73 m 
Time to fall 2.13 m 


































































































































Distance traveled before 
reaching terminal velocity 
Time to reach terminal 
velocity 
Time to fall .73 m 
Time to fall 2.13 m 






SMD=690, Vt=3.87 m/s 
Velocity Distance Total 





















































Distance traveled before 
reaching terminal velocity 0.582376 
Time to reach terminal 
velocity 0.13 
Time to fall .73 m 0.168146 
Time to fall 2.13 m 0.529903 
Time to fall 4.26 m 1.080291 
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APPENDIX C 
TABLE OF PAPERS AND SELECT VARIABLES FOR BENCH 
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Air Temp*Concentration 
Water Temp*Air Flow Rate 
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Water Temp* Aeration Time 
Concentration* Air Flow Rate 
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Diffusers 
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V* = Variance due to error 
SSa = Sum of squares due to error 
ve= Degrees of freedom associated with error 
SSI = Sum of squares due to factor' A 
SSA = Sum of squares due to factor A pi us associated error 
Va = Variance clue to error 
vA= Degrees of freedom associated with factor A 
112 
ss: 
P = Percent contribution to total variation-
SS', = Sum of squares due to factor A 
SST= Sura of squares total 
SSA = Sum of squares due to factor A plus associated error 
113 
Response Percent CF Removed 
Whole Model 
Actual by Predicted Plot 
i 
80 90 100 
Percent CF removed Predicted 
P<.0001 RSq=0.99RMSE=1.8608 
110 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 
Observations (or Sum Wgts) 




C. Total 28 




















Water Tempt 1C] 
Concentration[ 1 OOug/L] 
Air Flow Rate[1.5 L/min] 
Number of Diffusersfl] 
Aeration Time[45 min] 
Air Temp [20C] * Concentration 1 OOug/L] 
Water Temp[lC]*Air Flow Rate[1.5 L/min] 
Water Temp[lC]*Number of Diffusers[l] 
Water Temp[lC]*Aeration Time[45 min] 
Concentration[100ug/L]*Air Flow Rate[1.5 L/min] 
Concentration 1 OOug/L] *Number of Diffusers [ I ] 
Air Flow Rate[1.5 L/min]*Number of Diffusersfl] 
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Level Least Sq Mean Std Error Mean 












Least Squares Means Table 
Level Least Sq Mean 
lOOug/L 92.459110 
400ug/L 90.118008 
Air Flow Rate 
Leverage Plot 
Least Squares Means Table 
Level Least Sq Mean 
1.5L/min 84.575000 
3L/min 98.002119 
Std Error Mean 
0.51462488 92.2143 
0.49277785 92.0000 
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Water Temp*Air Flow 
Rate Leverage, P<0001 
100 
Least Squares Means Table 
Level Least Sq Mean 
lC,1.5L/min 73.025000 
1C,3 L/min 96.129237 
20C,1.5L/min 96.125000 
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Water Temp*Aeration 
Time Leverage, P=0.0036 
50 
Least Squares Means Table 
Level Least Sq Mean 
lC,45min 81.163983 
1C,60 min 87.990254 
20C,45min 97.125000 
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Rate Leverage, P=0.0062 
Least Squares Means Table 
Level Least Sq Mean 
100ug/L,1.5L/min 86.913983 
100ug/L,3 L/min 98.004237 
400 ug/L, 1.5 L/min 82.236017 
400 ug/L,3 L/min 98.000000 
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1.5 L/min,60 min 
3 L/min,45 min 
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Summary of Fit 
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C. Total 29 









Prob > F 
<.0001* 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t| 
Intercept 74.096591 0.489138 151.48 <.0001* 
Water Temp[lC] -16.65341 0.489138 -34.05 <.0001* 
Concentration!; lOOug/L] 2.2954545 0.489138 4.69 0.0001* 
Air Flow Rate[ 1.5 L/min] -11.17045 0.489138 -22.84 <.0001* 
Number of Diffusers[l] -0.590909 0.489138 -1.21 0.2411 
Aeration Time[45 min] -3.409091 0.489138 -6.97 <.0001* 
Water Temp[ 1C]*Air Flow Rate[ 1.5 L/min] -3.420455 0.489138 -6.99 <.0001* 
Water Temp[ 1C]*Aeration Time[45 min] -1.284091 0.489138 -2.63 0.0162* 
Air Flow Rate[ 1.5 L/min]*Number of Diffusers[l] -1.107955 0.489138 -2.27 0.0348* 
Air Flow Rate[1.5L/min]*AerationTime[45 min] -1.267045 0.489138 -2.59 0.0175* 
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Least Squares Means Table 
Level Least Sq Mean 
lOOug/L 76.392045 
400ug/L 71.801136 
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Least Squares Means Table 
Level Least Sq Mean 
1.5L/min 62.926136 
3 L/min 85.267045 
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Least Squares Means Table 
Level Least Sq Mean 
45 min 70.687500 
60 min 77.505682 
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Water Temp*Air Flow 
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Least Squares Means Table 
Level Least Sq Mean 
lC,1.5L/min 42.852273 
1C,3 L/min 72.034091 
20C,1.5L/min 83.000000 






















30 l 1 1 1 1 1 1 r 
50 55 60 65 70 75 80 85 90 95 
Water Temp*Aeration 
Time Leverage, P=0.0162 
Least Squares Means Table 
Level Least Sq Mean 
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lC,60min 62.136364 
20C,45 min 88.625000 
20C,60 min 92.875000 
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Percent CDBM Removed Predicted 
P<0001 RSq=0.98RMSE=4.8617 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 
Observations (or Sum Wgts) 
Analysis of Variance 
Source DF Sum of Squares 
Model 10 
Error 19 
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Air Flow Rate[1.5 L/min] 
Number of Diffusers[l] 
Aeration Time[45 min] 
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Least Squares Means Table 
Level Least Sq Mean Std Error Mean 
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Level Least Sq Mean Std Error 
1C 29.087500' 1.3314229 
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Air Flow Rate 
Leverage, P<0001 
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Least Squares Means Table 
Level Least Sq Mean 
1.5L/min 36.628977 
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Number of Diffusers 
Leverage, P=0.0645 
Least Squares Means Table 
Level Least Sq Mean Std Error Mean 
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Level Least Sq Mean Std Error Mean 
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60min 53.900000 1.3314229 58.7857 
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Least Squares Means Table 
Level Least Sq Mean 
20C,1.5L/min 28.882955 
20C,3L/miii 60.917045 
4C, 1.5 L/min 44.375000 
4C,3 L/min 67.750000 
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Least Squares Means Table 
Level Least Sq Mean 
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Concentration [ 1 OOug/L] 
Air Flow Rate[1.5 L/min] 
Number of Diffusersfl] 
Aeration Time[45 min] 




Water Temp[ lC]*Concentration[100ug/L] 
Water Temp[lC]*Air Flow Rate[l .5 L/min] 










Estimate Std Error t Ratio 
33.659091 0.604154 55.71 
-15.34091 0.604154 -25.39 
0.625 0.602052 1.04 
-9.8125 0.602052 -16.30 
-0.840909 0.604154 -1.39 
-3.409091 0.604154 -5.64 
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Level Least Sq Mean 
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1,60 min 37.886364 
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Prob > F 
<.0001* 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t| 
Intercept 66.63125 0.7152 93.16 <.0001* 
AirTemp[20C] -2.30625 0.7152 -3.22 0.0045* 
Water Temp[lC] -13.80625 0.7152 -19.30 <0001* 
Concentration[100ug/L] 1.3068182 0.712239 1.83 0.0822 
AirFlowRate[1.5L/min] -9.994318 0.712239 -14.03 <.0001* 
Number of Diffusersfl] -1.18125 0.7152 -1.65 0.1150 
Aeration Time[45 min] -3.38125 0.7152 -4.73 0.0001* 
AirTemp[20C]*WaterTemp[lC] -1.61875 0.7152 -2.26 0.0355* 
AirTemp[20C]*Concentration[100ug/L] 1.9943182 0.712239 2.80 0.0114* 
Water Temp[ 1C]*Air Flow Rate[ 1.5 L/min] -2.181818 0.712239 -3.06 0.0064* 
AirFlowRate[1.5L/min]*NumberofDiffusers[l] -2.431818 0.712239 -3.41 0.0029* 
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